The mechanism of fertilization remains largely enigmatic in mammals. Most studies exploring the molecular mechanism underlying fertilization have been restricted to a single species, generally the mouse, without a comparative approach. However, the identification of divergences between species could allow us to highlight key components in the mechanism of fertilization. In the pig, in vitro fertilization (IVF) and polyspermy rates are high, and spermatozoa penetrate easily through the zona pellucida (ZP). In contrast, IVF rates are low in the horse, and polyspermy is scarce. Our objective was to develop a comparative strategy between these two divergent models. First, we compared the role of equine and porcine gametes in the following five functions using intraspecific and interspecific IVF: ZP binding, acrosome reaction, penetration through the ZP, gamete fusion, and pronucleus formation. Under in vitro conditions, we showed that the ZP is a determining element in sperm-ZP attachment and penetration, whereas the capacity of the spermatozoa is of less importance. In contrast, the capacity of the spermatozoa is a key component of the acrosome reaction step. Second, we compared the composition and structure of the equine and porcine ZP. We observed differences in the number and localization of the ZP glycoproteins and in the mesh-like structure of the ZP between equine and porcine species. These differences might correlate with the differences in spermatozoal attachment and penetration rates. In conclusion, our comparative approach allows us to identify determining elements in the mechanism of fertilization.
INTRODUCTION
Despite significant advances in our understanding of the interaction between spermatozoa and oocyte, this fundamental event remains largely enigmatic in mammals. The primary animal model for investigating this mechanism is the mouse. This species is preferred because of its fecundity, short life span, low maintenance costs, and ability to be genetically manipulated. But is it the best model to study fertilization in mammals? It may not be. For example, the murine zona pellucida (ZP) comprises three glycoproteins (ZPA/ZP2, ZPC/ ZP3, and ZP1), but no other mammalian ZP comprises the same glycoproteins. Dog, cat, cattle, pig, and rabbit ZP comprises ZPA/ZP2, ZPB/ZP4, and ZPC/ZP3; human, primate, rat, and hamster ZP comprises ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, and ZP1 [1, 2] . Differences in the ZP composition may lead to differences in the protein matrix, in the ZP structure, and thus in the mechanism of sperm attachment and penetration. Studies in large animal models could provide new insight in this area of investigations.
Moreover, the majority of studies exploring the molecular mechanism underlying fertilization have been restricted to a single species without a comparative approach (mouse [3, 4] , pig [5] , horse [6] [7] [8] , bovine [9] [10] [11] , and rat [12, 13] ). Although informative, studies [14] [15] [16] [17] [18] [19] comparing several species are scarce. However, there are likely differences (perhaps small but potentially significant) in the mechanism of fertilization between species. Comparative studies using different species could identify conserved and species-specific molecular interactions that could highlight key components involved in the mechanism of fertilization. Our objective was to develop a comparative strategy to identify determining elements in the mechanism of fertilization.
In this study, we chose to compare two models, namely, the porcine and equine species. In porcine species, in vitro fertilization (IVF) rates are higher than 80%, and the reported levels of polyspermy after IVF often exceed 50% [20] [21] [22] [23] . In equine species, fertilization rates are lower than 60%, and polyspermy is scarce [24] [25] [26] [27] [28] . This different efficiency in the in vitro penetration through the ZP suggests that the determining elements involved in ZP penetration differ between these two ungulates.
The comparison of these two divergent models could be a novel strategy to identify key elements in the mechanism of fertilization. Moreover, the comparison of equine and porcine species is a novel approach to understand the reasons for the failure of IVF and to improve monospermic IVF rates in both species.
Mammalian fertilization involves several steps. A capacitated spermatozoon binds to the ZP, which induces the acrosome reaction. Then, the reacted sperm cell penetrates through the ZP and fuses with the oolemma of the oocyte. Inside the ooplasm, the sperm nucleus decondenses, and the female nucleus activates to form male and female pronuclei [29] . Thus, in this study, we compared the role of equine and porcine gametes in the following functions using intraspecific and interspecific IVF and intracytoplasmic sperm injection (ICSI): 1) ZP binding, 2) acrosome reaction, 3) penetration through the ZP and the oolemma, 4) pronucleus formation. The differences observed in each fertilization step between the two divergent models revealed determining elements in the mechanism of fertilization. In particular, we showed that the ZP is a determining element in sperm-ZP attachment and penetration. Therefore, we compared the composition and structure of the equine and porcine ZP as follows: 1) we identified the glycoproteins that comprise the equine and porcine ZP, 2) we described their localization in the ZP in both species using confocal fluorescence microscopy, and 3) we analyzed the morphological structure of the equine and porcine ZP using transmission and scanning electron microscopy. Moreover, earlier studies [30] [31] [32] have indicated that the ZP could be modified during maturation. Therefore, we analyzed immature, in vitro-matured, and in vivo-matured oocytes.
MATERIALS AND METHODS
All procedures described herein were reviewed and approved by the INRA Animal Care and Use Committee and were performed in accord with the Guiding Principles for the Care and Use of Laboratory Animals. All chemicals were purchased from Sigma-Aldrich (St. Quentin Fallavier, France or Milano, Italy) unless otherwise indicated.
Experiment 1: Number and Acrosome Status of Spermatozoa Bound to the Zona Pellucida
Preparation of equine and porcine oocytes. Equine and porcine immature cumulus-oocyte complexes (COCs) were collected from slaughtered mares and gilts. Ovaries were obtained in local slaughterhouses immediately after females were killed and were transported to the laboratory within 2 h in 0.9% NaCl at 32-388C. Oocytes were collected using the aspiration procedure as previously described by Goudet et al. [33] or the scraping procedure as previously described by Dell'Aquila et al. [34] . Then, COCs were recovered under a stereomicroscope.
Immature COCs were washed once in Dulbecco PBS solution (DPBS) (A. Dulbecco, Paris, France), then washed once in maturation medium (described herein), and cultured in 500 ll of maturation medium in an atmosphere of 5% CO 2 in air at 38.58C in 100% humidity. Equine COCs were cultured for 26-30 h in tissue culture medium 199 (TCM 199) with Earle salts supplemented with 20% fetal calf serum and 50 ng/ml of epidermal growth factor (EGF) [33] . Porcine COCs were cultured for 44 h in TCM 199 with Earle salts supplemented with 10 ng/ml of EGF, 400 ng/ml of follicle-stimulating hormone (PRIMUFOL; Rhône Mérieux, Lyon, France), and 570 lM cysteamine [35] .
After culture, equine and porcine COCs were mechanically denuded in 500 ll of modified Tris-buffered medium (mTBM) [20] . This medium contained 113.1 mM NaCl, 3 mM KCl, 10 mM CaCl 2 , 20 mM Tris, 11 mM glucose, 5 mM sodium pyruvate, 1 mM caffeine, and 0.1% bovine serum albumin (BSA).
Preparation of equine and porcine spermatozoa. Frozen porcine spermatozoa (800 3 10 6 /ml) from a single ejaculate of three ''Pietrain 3 Large-White'' boars or frozen equine spermatozoa (100 3 10 6 /ml) from a single ejaculate of three Welsh pony stallions were thawed at 378C for 30 sec. Porcine and equine spermatozoa were washed by centrifugation at 100 3 g for 10 min in Beltsville thawing solution (BTS) (Cobiporc, Saint-Gilles, France). Motile spermatozoa were obtained by centrifugation of the pellet on a Percoll (Amersham Pharmacia Biotech, Orsay, France) discontinuous gradient (2 ml of 45% in BTS over 2 ml of 90%) at 700 3 g for 30 min. Sperm cells collected at the bottom of the 90% fraction were washed in 4 ml of mTBM by centrifugation at 100 3 g for 10 min. The pelleted spermatozoa were diluted at 10 3 10 6 /ml in mTBM. The motility was visually evaluated under an inverted epifluorescence microscope (IMT-2; Olympus, Paris, France).
Coincubation of equine or porcine spermatozoa and equine or porcine oocytes. Denuded oocytes (10-20/well) were coincubated with the sperm suspension at a final concentration of 1 3 10 6 cells/ml in mTBM during 30 min in 100% humidity in an atmosphere of 5% CO 2 in air at 38.58C. Half of the equine and porcine oocytes were coincubated with homologous spermatozoa and the other half with heterologous spermatozoa.
Acrosome labeling. After gamete coincubation, spermatozoa-oocyte complexes were fixed in 1% paraformaldehyde in DPBS for 10 min at room temperature and kept at 48C in DPBS overnight. Those complexes were washed in DPBS, incubated for 5 min in 0.1% Triton X-100 in DPBS, and washed twice in DPBS. The complexes were incubated in blocking solution (1% BSA in DPBS for equine spermatozoa and 5% BSA in DPBS for porcine spermatozoa) for 1 h at room temperature. They were incubated with anti-horse sperm antiserum (ASA) (a rabbit polyclonal anti-horse sperm antiserum kindly donated by Dr. Stuart Meyers [36] ) diluted 1:100 for equine spermatozoa and 1:50 for porcine spermatozoa in the blocking solution for 1 h. The complexes were washed twice in the blockage solution and incubated with Fluoprobes 488-conjugated goat anti-rabbit antibodies (Interchim, Montluçon, France) diluted 1:100 for equine spermatozoa and 1:50 for porcine spermatozoa in the blocking solution for 1 h in darkness. The complexes were observed using an inverted epifluorescence microscope with a 488-nm excitation filter. The capability of ASA to detect acrosome-reacted spermatozoa was validated by comparison with the fluorescein isothiocyanate-conjugated Pisum sativum agglutinin (FITC-PSA) labeling method as previously described [36] .
Evaluation of the number and acrosome status of spermatozoa. The spermatozoa bound to the ZP of oocytes were counted in all focal planes at 4003 magnification by an unbiased observer. The mean number of spermatozoa bound to the ZP per oocyte was calculated in each group of heterologous or homologous spermatozoa-oocyte complexes.
The acrosome status of each sperm cell was observed in all focal planes at 4003 magnification. The following three categories of acrosomal labeling were scored as previously described by Meyer et al. [36] and by Bussalleu et al. [37] : 1) acrosome intact presenting homogeneous staining, 2) acrosome reaction in progress presenting patchy disrupted staining, and 3) acrosome reacted presenting staining of the equatorial segment. The numbers of spermatozoa presenting an acrosome intact, an acrosome reaction in progress, or an acrosome reacted were counted on each oocyte. Then, the percentages of spermatozoa presenting each pattern were calculated on each oocyte, and the mean percentages were calculated within each group of homologous or heterologous spermatozoa-oocyte complexes.
Statistical analysis. The mean number of spermatozoa bound to the ZP and the mean percentage of acrosomes intact, acrosome reactions in progress, or acrosomes reacted per oocyte were compared among four groups of spermatozoa-oocyte complexes using a nonparametric test (Kruskall-Wallis). When a significant effect among the four groups of spermatozoa-oocyte complexes was observed, we compared the groups in pairs using a nonparametric test (Mann-Whitney U-test). Differences were considered statistically significant at P , 0.05.
Experiment 2: Penetration Rates in Zona-Intact or Zona-Free Oocytes
Preparation of equine and porcine oocytes. Oocyte collection, maturation, and denuding were performed as previously described in experiment 1. Half of the oocytes were incubated with 0.2% pronase in TCM 199 during 3 min to remove the ZP and were washed in mTBM. Zonaintact and zona-free oocytes were incubated in mTBM.
Preparation of equine and porcine spermatozoa. Equine and porcine spermatozoa were thawed, diluted, and prepared as previously described in experiment 1.
Coincubation of equine or porcine spermatozoa and equine or porcine zona-intact or zona-free oocytes. Denuded zona-intact or zona-free oocytes EQUINE AND PORCINE FERTILIZATION AND ZONA PELLUCIDA (10-20/well) were coincubated with sperm suspension at a final concentration of 1 3 10 6 spermatozoa/ml in mTBM for 24 h in 100% humidity in an atmosphere of 5% CO 2 in air at 38.58C. Half of the equine zona-intact oocytes and half of the equine zona-free oocytes were coincubated with equine spermatozoa and the other half with porcine spermatozoa. Half of the porcine zona-intact oocytes and half of the porcine zona-free oocytes were coincubated with equine spermatozoa and the other half with porcine spermatozoa Assessment of penetration rates. After gamete coincubation, oocytes were washed by aspiration in and out of a glass pipette in DPBS. Oocytes were fixed in 95% ethanol for 24 h at room temperature. After fixation, oocytes were stained with 1 lg/ml of bisbenzimide fluorescent dye (Hoechst 33342; Hoechst, Frankfurt, Germany) in DPBS and mounted in Moviol V4-88 (133 mg/ml; Hoechst). The slides were kept at 48C in darkness until observation. Oocytes were observed under an inverted epifluorescence microscope with a 365-nm excitation filter to assess the nuclear status. The penetration rate was calculated taking into account the percentage of oocytes penetrated with one or several spermatozoa.
Statistical analysis. The penetration rates were compared among four groups of heterologous and homologous oocytes using chi-square analysis. Differences were considered statistically significant at P , 0.05.
Experiment 3: Competence of Oocyte for Male and Female Pronucleus Formation
Preparation of equine and porcine oocytes. After in vitro maturation and denuding as previously described in experiment 1, oocyte morphology was assessed under an inverted microscope. The oocytes showing a perivitelline space, an extruded first polar body, and an intact oolemma were submitted to microinjection [34] .
Preparation of equine and porcine spermatozoa. Frozen equine semen (0.4 ml/straw) from a single ejaculate at a concentration of 100 3 10 6 sperm cells/ml or frozen porcine semen (0.25 ml/straw) from a single ejaculate of three ''Pietrain 3 Large-White'' boars at a concentration of 800 3 10 6 sperm cells/ml were thawed for 30 sec in a water bath at 378C. The equine or porcine semen was diluted at 1:100 in Earle balanced salt solution (EBSS)-BSA medium containing EBSS, 0.4% BSA, and 48 lg/ml of gentamycin. Then, 0.5 ll of semen was placed in a microdrop of 5 ll of 7% (w/v) polyvinylpyrrolidone (Irvine Scientific, Santa Ana, CA) in embryo culture medium (Global Medium; Life Global: The ART Media Company, Trumbull, Connecticut) supplemented with 10% human serum albumin.
Injection of equine or porcine spermatozoa into the equine and porcine oocytes. The ICSI was performed under an inverted phase-contrast microscope (Nikon Eclipse TE2000-U; Calenzano, Firenze, Italy) as previously described in equine [34, 38] and porcine [39] species. An equine or porcine oocyte was placed in a drop of embryo culture medium. This oocyte was then held by a holding pipette (Humagen MPH-CUST-40 [outer diameter, 50 lm; inner diameter, 20-30 lm]; Humagen Fertility Diagnostics, Charlottesville, VA). The equine or porcine sperm cell was immobilized by scratching the middle piece, aspirated by the tail and injected in the equine or porcine ooplasm using the equine injection pipette (Humagen MIC-50-40 [outer diameter, 8-10 lm; inner diameter, 5-6 lm]) or the porcine injection pipette (MIC-9 lm-30, [outer diameter, 9-10 lm, inner diameter, 8-9 lm]; JCD Laboratoire, La Mulatière, France). The equine and porcine oocytes injected with equine or porcine spermatozoa were cultured for 24 h in the embryo culture medium in 100% humidity in an atmosphere of 5% CO 2 in air at 38.58C.
Assessment of fertilization rates. After 24 h of culture, oocytes were fixed in 3.7% formaldehyde in DPBS overnight at 48C. After fixation, the oocytes were stained with 2.5 lM bisbenzimide (Hoechst 33258) in DPBS:glycerol (3:1 [vol/vol]) and mounted on microscope slides. Oocytes were observed under a Nikon Eclipse 600 microscope (Nikon, Calenzano, Firenze, Italy) equipped with B-2A 460-nm excitation/346-nm emission filter. Normal fertilization was defined by the presence of two polar bodies with two pronuclei. Abnormal fertilization was defined by the presence of a swollen sperm head or tripronucleate zygotes with a single polar body extruded. Oocytes with metaphase II plus one polar body and one intact sperm cell were considered nonfertilized oocytes. Oocytes with one pronucleus without sperm cell remnants were considered activated oocytes.
Statistical analysis. The fertilization and activation rates were compared among the four groups of heterologous and homologous oocytes using chisquare analysis. Differences were considered statistically significant at P , 0.05.
Experiment 4: Identification and Localization of Zona Pellucida Glycoproteins
Bioinformatic analysis of equine and porcine ZP glycoproteins. We established an updated list of the genes of the ZP family in equine and porcine species on the basis of phylogenetic analysis. These analyses were carried out using Figenix software (http://figenix2.up.univ-mrs.fr/Figenix/index.jsp) as previously described by Goudet et al. [1] . The sequences of interest used as the query were the amino acid sequences of the human ZP1 (P60852) and ZPC/ ZP3 (P21754). The data set of putative homologous sequences used for phylogenetic reconstruction is built by BLAST, which performs local alignment of peptide sequences. Then, sequences are submitted to multiple alignment of complete peptide sequences. The percentage of identity between equine and porcine or human ZP orthologous genes was evaluated by alignment of two sequences using the BLAST engine at the National Center for Biotechnology Information Web site (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Identification of pseudogenes in the equine and porcine genome. In each ZP protein family, we checked for the presence of equine and porcine proteins. When one of the ZP proteins was not found in the phylogenetic tree, we submitted the amino acid sequence of human ZP to the tBLASTn software program against equine or porcine expressed sequenced tag (EST) databases. If no homologous sequences were found, we searched for a pseudogene in the equine or porcine genome. For this purpose, we submitted the nucleotide and the amino acid sequences of the ZP1, ZPAX, or ZPD protein to the BLASTn and tBLASTn software programs against the equine or porcine genome to reveal the presence of stop codon and/or insertion/deletion in the amino acid sequence.
Recovery of immature COCs and in vitro maturation. Equine and porcine immature COCs were collected as described in experiment 1. Equine and porcine in vitro-matured COCs were obtained after in vitro culture of immature COCs as previously described in experiment 1.
Recovery of in vivo-matured COCs. Equine in vivo-matured COCs were collected by transvaginal ultrasound-guided aspiration in standing mares. Adult cyclic pony mares in good body condition were used. Ovarian activity was assessed by routine rectal ultrasound scanning. An injection (i.v.) of 15 mg of crude equine gonadotropin was performed at the end of the follicular phase, when the largest follicle reached 33 mm in diameter, to induce ovulation [40] . The largest follicle was punctured 34 h after induction of ovulation, just before ovulation, as previously described [41] . During follicle puncture, mares were sedated with an injection (i. A.) was administered 3 days later. Gilts were slaughtered just before ovulation 37 h after hCG injection. Ovaries were obtained immediately after gilts were killed and were transported to the laboratory within a few minutes in 0.9% NaCl at 378C. Preovulatory follicles were aspirated with an 18½-gauge needle at 50 mm Hg of vacuum pressure. The COCs were recovered under a stereomicroscope.
Immunocytochemical staining and confocal laser scanning microscopy. Equine and porcine COCs were mechanically denuded in 500 ll of DPBS. Oocytes were washed in 500 ll of DPBS, fixed in 2.5% paraformaldehyde in DPBS for 20 min at 378C, and incubated for 5 min at 378C in a washing solution (0.8 mM phenylmethylsulfonyl fluoride and 0.05% NaN 3 in DPBS). They were kept at 48C in the washing solution until further preparation.
Nonspecific binding was blocked by preincubation of oocytes for 2 h at room temperature in a blocking solution of 2% BSA in DPBS. The oocytes were then incubated overnight at 48C with polyclonal antibodies at the following dilutions in the blocking solution: rabbit anti-ZPA/ZP2 diluted 1:200, chicken anti-ZPB/ZP4 diluted 1:200, chicken anti-ZPC/ZP3 diluted 1:500, or rabbit anti-ZP1 diluted 1:100. The anti-ZPA/ZP2 antibody is directed against a common ZPA/ZP2 synthetic peptide sequence [42] and was kindly provided by Drs. E. and K.-D. Hinsch (Center of Dermatology and Andrology, Justus Liebig University, Giessen, Germany). The anti-ZPB/ZP4 and anti-ZPC/ ZP3 antibodies are directed against porcine proteins [43] and were kindly provided by Dr. S. Kölle (Institute of Veterinary Anatomy, Histology and Embryology, Justus Liebig University, Giessen, Germany). The anti-ZP1 antibody is directed against a human ZP1 peptide corresponding to amino acid residues 223-235 [44] and was kindly provided by Dr. Satish K. Gupta (Gamete Antigen Laboratory, National Institute of Immunology, New Delhi, India). The oocytes were washed in DPBS with 0.2% BSA and incubated for 1 h at room temperature with FITC-conjugated goat anti-rabbit IgG (Biosys, Compiègne, France) or tetramethylrhodamine isothiocyanate (TRITC)-conju-858 gated rabbit anti-chicken IgG diluted 1:200 or 1:500 in the blocking solution. After washing, oocytes were stained with 1 lg/ml of bisbenzimide fluorescent dye (Hoechst 33342) in DPBS. Oocytes were mounted between slide and coverslip in a mixture of Mowiol V4-88 (Hoechst, Frankfurt, Germany) and N-propyl gallate (5 mg/ml). The slides were kept at 48C in darkness until observation. We incubated immature, in vivo-matured, and in vitro-matured equine oocytes (10, 5, and 8, respectively, with anti-ZPA/ZP2; 10, 7, and 10 with anti-ZPB/ZP4; 10, 6, and 12 with anti-ZPC/ZP3; and 9, 1, and 9 with anti-ZP1 antibodies), as well as immature, in vivo-matured, and in vitro-matured porcine oocytes (17, 7 , and 12, respectively, with anti-ZPA/ZP2; 6, 5, and 6 with anti-ZPB/ZP4; and 8, 9, and 7 with anti-ZPC/ZP3 antibodies). Controls for immunofluorescence were performed by omission of the primary antibodies. The oocytes were observed using a confocal laser scanning microscope (IX81 FV500; Olympus). For detection of FITC, an argon ion laser adjusted at 488-nm wavelength was used; for detection of TRITC, a heliumneon ion laser adjusted at 543-nm wavelength was used. Oocytes were also observed under an inverted epifluorescence microscope with a 365-nm excitation filter at 4003 magnification for detection of Hoechst to determine the nuclear status as previously described [41] .
Experiment 5: Morphological Structure of the Zona Pellucida
Recovery of immature, in vitro-matured, and in vivo-matured COCs. Equine and porcine immature COCs were collected as described in experiment 1. Equine and porcine in vitro-matured COCs were obtained after in vitro culture of immature COCs as previously described in experiment 1. Equine and porcine in vivo-matured COCs were collected as described in experiment 4.
Transmission electron microscopy. Porcine and equine COCs were fixed in 2% glutaraldehyde diluted in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 h at room temperature and then in 4% glutaraldehyde diluted in 0.1 M sodium cacodylate buffer (pH 7.4) for at least 24 h at 48C. Postfixation was performed with 2% osmic acid (Electron Microscopy Sciences, Hatfield, PA) and 1.5% potassium ferricyanide (VWR International, Fontenay-sous-Bois, France) diluted in 0.1 M sodium cacodylate buffer at room temperature for 90 min. Fixed COCs were then dehydrated by three successive 10-min immersions in gradual ethanol concentrations (70%, 95%, and 100%; VWR International). They were subsequently submitted to progressive impregnation in resin epoxy by three successive 45-min incubations in solutions of gradual concentrations of propylene oxide (VWR International) and resin epoxy (1:2, 1:1, and 2:1 [vol/ vol], EMBed-812 Embedding Kit; Electron Microscopy Sciences). The COCs were then embedded in 100% resin epoxy overnight at 48C. Polymerization was carried out at 608C for 48 h. Serial thick (1 lm) sections were stained with toluidine and observed by light microscopy to establish the nuclear stage of the oocytes. Ultrathin sections (70 nm) were placed on 200-mesh Formvar-coated nickel grids (Electron Microscopy Sciences). The sections were stained with 5% uranyl acetate (VWR International) for 20 min and 0.4% lead citrate (Fluka; Sigma-Aldrich) diluted in 0.1 N NaOH (VWR International) for 10 min, washed in distilled water, and dried. Sections were observed with a CM10 electron microscope (Philips, Eindhoven, the Netherlands). Analysis software (Soft Imaging System; Olympus, Münster, Germany) was used for image acquisition. The ZP of 10 immature, 10 in vitro-matured, and 5 in vivo-matured equine oocytes and of 12 immature, 12 in vitro-matured, and 11 in vivomatured porcine oocytes were observed. The ZP was observed at 19503 to 92 0003 magnification. The thickness of the ZP was measured from inner to outer sides of the ZP. The mean thickness of the ZP per oocyte was calculated for each species at each maturation stage.
Scanning electron microscopy. Equine and porcine COCs were mechanically denuded in 500 ll of DPBS. The oocytes were observed under an inverted fluorescence microscope at 4003 magnification to discard degenerated oocytes and to assess the presence of a polar body in mature oocytes as previously described [41] .
Oocytes were washed in DPBS and dropped onto a poly-L-lysine-coated coverslip (Agar Scientific; Oxford Instruments, Saclay, France). Oocytes were fixed with a solution of 4% paraformaldehyde (Delta Microscope, Ayguesvives, France) and 1% glutaraldehyde (Electron Microscopy Science) in 0.3 M sodium phosphate buffer (Merck, Dijon, France) at pH 7.4 according to the method by McDowell and Trump [45] at room temperature for at least 1 h and then at 48C until further preparation. Oocytes were washed three times in 0.15 M sodium phosphate buffer supplemented with 34 mM NaCl at pH 7.4. Oocytes were dehydrated in gradual acetone series (50%-100%), dried by the critical point method (CPD 30 Baltec; Leica, Guyancourt, France), and mounted on stubs. A thin layer of platinum (about 5 nm) was deposited using cathodic pulverization (JUC-5000; Jeol, Croissy-sur-Seine, France). Oocytes were examined under a scanning electron microscope with a field emission gun (FEG Gemini 982; Carl Zeiss SMT, Nanterre, France) using 7503 to 50 0003 magnification to evaluate the outer ZP. The images were numerated online with a resolution of 1024 3 1024 pixels. The ZP of 12 immature, 13 in vitromatured, and 7 in vivo-matured equine oocytes and of 16 immature, 13 in vitromatured, and 19 in vivo-matured porcine oocytes were observed. The pores were counted on the surface of ZP, and the number of pores was calculated for 100 lm 2 on each oocyte. The mean number of pores per 100 lm 2 was calculated for each species at each maturation stage. The diameter of each pore was measured using VISILOG 6.5 Tool Kit (Noesis, Saint-Aubin, France). The mean diameter of pores per oocyte was calculated for each species at each maturation stage.
Statistical analysis. The mean thickness of the ZP per oocyte, the mean number of pores per 100 lm 2 , and the mean diameter of pores per oocyte were compared among the six groups of oocytes (two species and three maturation stages) using ANOVA (GLM procedure; SAS software, SAS Institute, Cary, NC). When a significant effect among the six groups of oocytes was observed, we compared the groups in pairs. The a level was 5%, and P , 0.05 was considered significant.
RESULTS

Experiment 1: Number and Acrosome Status of Spermatozoa Bound to the Zona Pellucida
Number of spermatozoa bound to equine and porcine ZP. Figure 1 shows that there are as many equine spermatozoa as porcine spermatozoa attached to equine oocytes (P . 0.05). In contrast, the number of equine spermatozoa on porcine oocytes was significantly lower than the number of porcine spermatozoa (P , 0.05). Moreover, the numbers of porcine spermatozoa attached to the ZP were not different between porcine and equine oocytes (P . 0.05), whereas the number of equine spermatozoa was lower on the porcine oocytes than on the equine oocytes (P , 0.05). These data show that the ZP of equine oocytes is less selective than the ZP of porcine oocytes. Significant differences among the four groups of spermatozoa-oocyte complexes (P , 0.05). n, number of spermatozoa-oocyte complexes.
EQUINE AND PORCINE FERTILIZATION AND ZONA PELLUCIDA
Acrosome status of spermatozoa bound to equine and porcine ZP. Figure 2A shows the three categories of acrosome labeling in equine and porcine spermatozoa and two examples of homologous spermatozoa-oocyte complexes after acrosome labeling. Equine and porcine spermatozoa with homogeneous staining all over the acrosome have an intact acrosome ( Fig.  2A, a and d) . In equine and porcine spermatozoa with patchy disrupted labeling, the acrosome reaction was in progress (Fig.  2A, b and e) . When only the equatorial segment of equine or porcine spermatozoa was stained, the acrosome reaction had occurred ( Fig. 2A, c and f) . Figure 2B shows the mean number of equine and porcine spermatozoa with acrosomes intact, acrosome reactions in progress, and acrosomes reacted per oocyte after coincubation of gametes. This figure shows that equine spermatozoa bound to the ZP had fewer acrosome reactions in progress than porcine spermatozoa regardless of the origin of the oocyte (P , 0.05). Thus, equine spermatozoa were less competent to undergo the acrosome reaction than porcine spermatozoa. Moreover, the number of spermatozoa with acrosome reactions in progress did not differ between equine and porcine ZP regardless of the origin of the spermatozoa (P , 0.05). This suggests that equine and porcine oocytes induced the acrosome reaction regardless of the origin of the spermatozoa.
After gamete coincubation, the number of spermatozoa with acrosomes reacted on the porcine ZP was higher for porcine spermatozoa than for equine spermatozoa (P , 0.05). The number of spermatozoa with acrosomes reacted on the equine ZP did not differ between equine and porcine spermatozoa (P . 0.05).
Experiment 2: Penetration Rates in Zona-Intact and Zona-Free Oocytes Figure 3 shows that equine and porcine sperm penetration rates were lower in equine zona-intact oocytes than in equine zona-free oocytes (P , 0.01). The equine ZP was not easily penetrated by equine or porcine spermatozoa. Moreover, porcine spermatozoa penetrated zona-intact and zona-free porcine oocytes (P . 0.05), whereas equine spermatozoa penetrated only porcine zona-free oocytes (P , 0.001). Thus, the porcine ZP was penetrated only by porcine spermatozoa. Finally, porcine zona-free oocytes had a higher penetration rate than equine zona-free oocytes for equine spermatozoa (P , 0.001) and for porcine spermatozoa (P , 0.01). This shows that the penetration rate of equine and porcine spermatozoa was lower in the equine oolemma than in the porcine oolemma. 
Significant differences among four groups of spermatozoa-oocyte complexes for acrosomes intact (P , 0.05).
c,d
Significant differences among four groups of spermatozoa-oocyte complexes for acrosome reactions in progress (P , 0.05). e,f Significant differences among four groups of spermatozoa-oocyte complexes for acrosomes reacted (P , 0.05). Figure 4 shows that the normal fertilization rates in the equine ooplasm were not significantly different between the injection of an equine spermatozoon and the injection of a porcine spermatozoon (P . 0.05). In the equine ooplasm, the pronuclei were formed regardless of the origin of the injected sperm cell. In contrast, the normal fertilization rate in porcine oocytes was higher after the injection of an equine sperm cell than after the injection of a porcine sperm cell (P , 0.05). These results showed that in the porcine ooplasm the rate of pronuclei formation was higher after the injection of an equine sperm cell than after the injection of a porcine sperm cell.
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Moreover, the normal fertilization rate was higher for equine oocytes than for porcine oocytes after the injection of an equine sperm cell (P , 0.05) and a porcine sperm cell (P , 0.01). This suggests that the capacity to obtain male and female pronuclei was higher in the equine ooplasm than in the porcine ooplasm regardless of the origin of the injected sperm cell.
The abnormal fertilization rate was higher for equine oocytes than for porcine oocytes injected with a porcine sperm cell (P , 0.0001). The activation rates of equine and porcine oocytes were not different regardless of the origin of the spermatozoa injected (P . 0.05).
Experiment 4: Identification and Localization of Zona Pellucida Glycoproteins
Bioinformatic analysis of equine and porcine ZP glycoproteins. When the phylogenetic analysis is built with Figenix using the amino acid sequence of the human ZP1 as the query, the tree ( Significant differences in normal fertilization rates among four groups of injected oocytes (P , 0.05).
d,e
Significant differences in abnormal fertilization rates among four groups of injected oocytes (P , 0.05).
f No significant difference in activation rates among four groups of injected oocytes (P . 0.05).
g,h,i No significant difference in fertilization rates among four groups of injected oocytes (P , 0.05). with Figenix using the amino acid sequence of the human ZPC/ ZP3 as the query, the tree (Fig. 5B) contains porcine ZPC/ZP3 (P42098) and equine ZPC/ZP3 (XP_001493094.1).
The porcine and equine ZPA/ZP2 and ZPB/ZP4 genes share a common ancestral gene with bovine genes. The porcine ZPC/ ZP3 gene shares a common ancestral gene with the bovine gene, whereas the equine ZPC/ZP3 gene shares a common ancestral gene with the dog and the cat ZPC/ZP3 genes. The common ancestral gene of equine, cat, and dog ZPC/ZP3 genes shares common ancestral genes with primates. The equine ZP1 gene shares a common ancestral gene with primates.
The percentages of identity between equine and porcine ZP proteins are 71% for ZPA/ZP2, 75% for ZPB/ZP4, and 76% for ZPC/ZP3. The percentages of identity between human and equine proteins are 69% for ZP1, 69% for ZPA/ZP2, 74% for ZPB/ZP4, and 76% for ZPC/ZP3.
Identification of pseudogenes in equine and porcine species. The phylogenetic analysis suggested that the presence of the ZP1 gene is lacking in porcine species. A search in EST databases revealed that there is no sequence having a high level of identity with human ZP1 protein in porcine species. However, the complete sequencing and annotation of the porcine genome are still in process. Thus, we cannot make conclusions about the presence of a porcine ZP1 pseudogene.
In our previous study [1] , we identified ZPAX proteins in frog and chicken. A search in EST databases revealed that there is no sequence having a high level of identity with chicken ZPAX protein in equine and porcine species.
To identify a potential ZPAX pseudogene in the horse, we submitted the amino acid sequence of chicken ZPAX to the tBLASTn software program against the equine genome. We observed an alignment between the nucleotide sequence of chicken ZPAX and sequences from the equine syntenic region. We found a stop codon in exon 4 (73 599 583-73 600 044 bp], which is likely responsible for the loss of the ZPAX protein in the horse (Supplemental Fig. S1 available at www.biolreprod. org). The equine ZPAX pseudogene is located on chromosome 15 between the equine MSGN1 and KCNS3 genes in a region corresponding to a syntenic region of chromosome 3 in the chicken genome, near the chicken MSGN1 and KCNS3 counterpart genes. In the porcine genome, similar work did not allow the identification of a ZPAX pseudogene. However, complete sequencing and annotation of the porcine genome are still in process. Thus, we cannot make conclusions about the presence of a porcine ZPAX pseudogene.
In our previous phylogenetic study [1] , we observed a ZPD gene in the chicken and frog but not in mammals. By using the same strategy, we searched for a ZPD pseudogene in the equine 
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genome. A tBLASTn software program analysis with the chicken ZPD protein sequence revealed no significant alignment with the equine genome. No pseudogene or gene was found on chromosome 3 between the equine GPR97 and CCDC135 genes in a region corresponding to a syntenic region of chromosome 11 in the chicken genome, near the chicken GPR97 and CCDC135 counterpart genes.
In the porcine genome, similar work did not allow the identification of a ZPD pseudogene.
Immunocytochemical staining of ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, and ZP1 glycoproteins in porcine and equine oocytes. In equine immature oocytes, ZPA/ZP2 proteins were strongly expressed in the ZP and were organized in patches (Fig. 6a) . Similar patterns were observed for in vitro-matured and in vivo-matured oocytes (data not shown). No labeling occurred in the cytoplasm. ZPB/ZP4 and ZPC/ZP3 were colocalized. In immature oocytes, staining of both the ZP (strong labeling) and the cytoplasm (weaker staining) is observed (Fig. 6, c and e) . A similar pattern was observed for in vitro-matured oocytes (data not shown). After in vivo maturation, the ZP displayed strong homogeneous immunoreactivity for ZPB/ZP4 or ZPC/ZP3, whereas no labeling occurred in the cytoplasm (data not shown). ZP1 proteins were expressed in the ZP of immature oocytes (Fig. 6g) , as well as in vitro-matured and in vivo-matured oocytes (data not shown). We observed small dots uniformly distributed. Little or no labeling occurred in the cytoplasm.
In porcine oocytes, ZPA/ZP2 labeling showed small dots organized in large patches in the ZP of immature (Fig. 6b) and in vitro-matured oocytes and in a filamentous meshwork in the ZP of in vivo-matured oocytes (data not shown), whereas no labeling occurred in the cytoplasm. ZPB/ZP4 and ZPC/ZP3 were strongly expressed in the ZP of immature (Fig. 6, d and f) , in vitro-matured, and in vivo-matured oocytes (data not shown), whereas weak labeling occurred in the cytoplasm. Moreover, ZPB/ZP4 proteins were organized in a filamentous meshwork in the ZP of all immature oocytes (Fig. 6d) and most in vitro-matured oocytes. In in vivo-matured oocytes, the organization in a meshwork was difficult to observe. ZPC/ZP3 proteins were organized in a filamentous meshwork in the ZP of all immature (Fig. 6f) , in vitro-matured, and in vivo-matured porcine oocytes.
No labeling was observed in the absence of primary antibodies (ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, and ZP1) on the equine or porcine oocytes regardless of the maturation stage (Fig. 6h) . The specificity of ZPB/ZP4 and ZPC/ZP3 antibodies was verified previously in equine [42] and porcine [46] species. The specificity of ZPA/ZP2 and ZP1 antibodies was verified by Western blot (Supplemental Fig. S2 ).
Experiment 5: Morphological Structure of the Zona Pellucida
Transmission electron microscopy. Using the transmission electron microscope, the porcine and equine ZP showed a homogeneous and filamentous structure regardless of the maturation stage (Supplemental Fig. S3 ). No obvious difference was observed between the equine and porcine ZP or during in vitro and in vivo maturation.
The equine ZP of immature oocytes (mean 6 SEM, 9.9 6 1.2 lm; n ¼ 5 oocytes) was thinner than that of in vitro-matured (14.8 6 1.1 lm; n ¼ 4) and in vivo-matured (15.1 6 1.7 lm; n EQUINE AND PORCINE FERTILIZATION AND ZONA PELLUCIDA ¼ 3) oocytes (P , 0.01). In porcine species, the thickness of the ZP did not differ among immature (mean 6 SEM, 7.7 6 0.9 lm; n ¼ 5), in vitro-matured (6.4 6 1.2 lm; n ¼ 5), and in vivo-matured (8.5 6 0.6 lm; n ¼ 4) oocytes (P . 0.05). After in vivo and in vitro maturation, the equine ZP was thicker than the porcine ZP (P , 0.005).
Scanning electron microscopy. Using the scanning electron microscope, we observed the global surface structure of the ZP of equine and porcine oocytes at each maturation stage (Fig. 7) .
In the horse, the ZP of immature and in vitro-matured oocytes shows a compact mesh-like structure with small pores (Fig. 7, a and b) . In the pig, the ZP of immature and in vitromatured oocytes showed a distinct mesh-like structure with large pores (Fig. 7, d and e) . This demonstrates that the structure of the ZP differs between equine and porcine oocytes at immature and in vitro maturation stages.
After in vivo maturation, the ZP of porcine and equine oocytes showed a rough surface with a mesh-like structure and small pores (Fig. 7, c and f) . The structure of the ZP is similar between equine and porcine oocytes after in vivo maturation. In porcine species, the structure of the ZP differs between in vivo-matured oocytes and immature or in vitro-matured oocytes.
The number of pores per 100 lm 2 was lower in the porcine species than in the equine species for immature and in vitro maturation stages (P , 0.0001) (Fig. 8A) . However, it did not differ between these two species after in vivo maturation (P . 0.05).
The ZP of immature and in vitro-matured equine oocytes had more pores than the ZP of in vivo-matured equine oocytes (P , 0.05). This indicates that the number of pores was modified during in vivo maturation but not during in vitro maturation.
In porcine oocytes, the number of pores did not differ among immature, in vitro-matured, and in vivo-matured oocytes (P . 0.05). The number of pores was not modified during in vivo or in vitro maturation.
The diameter of pores was larger in porcine ZP than in equine ZP regardless of the maturation stage (P , 0.05). These results are shown in Figure 8B .
In equine species, the ZP of in vitro-matured oocytes had larger pores than the ZP of immature oocytes (P , 0.05). However, the diameter of pores was not significantly different between immature and in vivo-matured equine oocytes, as well as between in vitro-matured and in vivo-matured equine oocytes (P . 0.05). In equine species, the diameter of pores was modified during in vitro maturation but not during in vivo maturation. FIG. 7 . The equine ZP of immature (a) and in vitro-matured (b) oocytes showed a compact structure with small pores, whereas the porcine ZP of immature (d) and in vitro-matured (e) oocytes showed a meshlike structure with large pores. After in vivo maturation, the ZP of equine (c) and porcine (f) oocytes showed a compact structure. Observation by scanning electron microscopy at original magnification 33000.
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In porcine species, the diameter of pores was not significantly different between immature and in vitro-matured oocytes (P . 0.05). In contrast, the ZP of in vivo-matured oocytes had smaller pores than the ZP of immature and in vitromatured oocytes (P , 0.05). In porcine species, the diameter of pores was modified during in vivo maturation but not during in vitro maturation.
DISCUSSION
In this study, we compared the successive steps of fertilization between two species, equine and porcine, that have different efficiency in the in vitro penetration of the spermatozoa through the ZP. Moreover, we compared the composition and structure of the equine and porcine ZP. This allowed us to identify divergences between species that highlight determining elements involved in the mechanism of fertilization.
In experiment 1, we evaluated spermatozoa-ZP binding. There were as many equine spermatozoa as porcine spermatozoa attached to equine ZP. In contrast, fewer equine spermatozoa than porcine spermatozoa were attached to porcine ZP. This shows that equine ZP is less selective than porcine ZP under our in vitro conditions. Similar results were observed in other species. Human ZP is able to bind human and mouse spermatozoa, whereas mouse ZP is not able to bind human spermatozoa [17] . Moreover, there are as many rat spermatozoa as mouse spermatozoa attached to mouse oocytes, whereas fewer rat spermatozoa than mouse spermatozoa were attached to rat ZP [17] . These authors suggested that this difference correlates with the difference in the structure and composition of mouse and human or rat ZP. In addition, human spermatozoa have the capacity to bind to porcine ZP [47] but not to mouse ZP [17] . Many equine spermatozoa are able to bind to bovine ZP [48] , but few bound to porcine ZP in our experiment. All these data suggest that some ZP are not able to support heterologous sperm binding, whereas others are more permissive. This demonstrates that during spermatozoa-ZP binding the composition and structure of the ZP seem to represent a determining element.
In mammals, the binding of spermatozoa to the ZP induces the acrosome reaction [29] . Our results showed that equine and porcine ZP are able to induce the acrosome reaction of equine and porcine spermatozoa and vice versa. Thus, the induction of the acrosome reaction does not seem to be species specific under our conditions. Likewise, in a previous study [49] , equine and porcine purified ZP stimulated the acrosome reaction of equine spermatozoa. The ZP ligand that induces the acrosome reaction may be at least partially conserved between equine and porcine species.
Furthermore, our results showed that the capacity to undergo the acrosome reaction is lower for equine spermatozoa than for porcine spermatozoa regardless of the origin of the ZP. The ability of spermatozoa to undergo ligand-induced acrosome reaction may reflect the completion of capacitation of the spermatozoa [50] . In our study, we could incriminate the in vitro preparation of equine spermatozoa and especially the capacitating agent. However, a beneficial effect of caffeine on inducing equine sperm capacitation has been shown [51] . Moreover, we previously compared the percentage of acrosome reaction for equine spermatozoa attached to equine ZP after sperm treatment with two different capacitating agents, caffeine and heparin. We observed no difference in effect between caffeine and heparin (data not shown). Moreover, in a previous study [52] using fresh equine spermatozoa treated with ionophore A23187, we also observed a low capacity of equine spermatozoa to undergo the acrosome reaction after binding to equine ZP. All these data show that regardless of the treatment the capacity to undergo the acrosome reaction after ZP binding is low in equine spermatozoa.
We have shown that equine spermatozoa have a lower capacity to undergo the acrosome reaction than porcine spermatozoa regardless of the origin of the ZP. Moreover, the capacity of spermatozoa to undergo the acrosome reaction did not differ between equine and porcine ZP regardless of the origin of the spermatozoa. This suggests that the structure and composition of the ZP do not seem to be determining elements for the acrosome reaction, but the capacity of the spermatozoa to undergo the acrosome reaction has an essential role in this step of fertilization. The differences in the ability of the ZP to induce the acrosome reaction could be a result of differences in sperm capacitation.
One may note that during homologous fertilization the percentage of acrosomes reacted does not differ between equine and porcine gametes. Thus, the highly different IVF rates (.80% in the porcine species and ,60% in the equine species) may be due to divergences downstream of the acrosome reaction. We could incriminate the second fixation of the spermatozoa or the penetration of the spermatozoa through the ZP. Further studies are necessary to clarify this point.
In experiment 2, we demonstrated that equine ZP is a barrier for equine spermatozoa during IVF because zona-intact oocytes were not penetrated, whereas zona-free oocytes were penetrated by equine spermatozoa. Our data are in agreement with previous studies about the role of the ZP in equine IVF. When the equine ZP was partially removed using a mechanical Significant differences among six groups of oocytes (P , 0.05). n, number of oocytes.
EQUINE AND PORCINE FERTILIZATION AND ZONA PELLUCIDA (partial ZP dissection) or chemical (ZP drilling) technique before incubation with equine spermatozoa, the IVF rate increased [53] [54] [55] . During IVF, the equine ZP seems to be a barrier to equine spermatozoa. In contrast, the porcine ZP is not a barrier to porcine spermatozoa during IVF because both zona-intact and zona-free oocytes were penetrated. Next, we demonstrated that penetration of zona-free oocytes was lower for equine oocytes than for porcine oocytes regardless of the origin of the spermatozoa. This suggests that the equine oolemma is also a barrier for equine spermatozoa during IVF.
Moreover, we showed that the ZP is a barrier for heterologous fertilization because zona-intact oocytes were not penetrated by heterologous spermatozoa in both species. The egg ZP apparently represents a significant barrier to many, if not most, heterospecific crosses in vitro [56] . However, cat oocytes were fertilized by tiger spermatozoa [57] ; bovine oocytes were fertilized by goat, ram, and antelope spermatozoa [58] [59] [60] ); and sheep oocytes were fertilized by deer spermatozoa [61] . When comparing heterologous IVF between species, the success of sperm penetration through the ZP is highly variable. The phylogenetic distance between species could be a determining element for cross-species fertilization.
Furthermore, our experiments showed that the equine or porcine oolemma fuses with equine and porcine spermatozoa. Similar results were obtained with equine spermatozoa and bovine or hamster zona-free oocytes, with bovine spermatozoa and equine or porcine zona-free oocytes, and with rat spermatozoa and porcine zona-free oocytes [62] [63] [64] [65] . Sartini and Berger [16] suggest that ligand-receptor conservation mediates the spermatozoa-oolemma binding between porcine and bovine species. We suggest that it is also conserved between porcine and equine gametes.
The capacity for spermatozoa-oolemma fusion is similar for equine and porcine spermatozoa regardless of the origin of the oocyte. In contrast, the capacity for spermatozoa-oolemma fusion is lower for the equine oolemma than for the porcine oolemma regardless of the origin of the spermatozoa. Thus, the plasma membrane of the oocyte could be a determining element in the mechanism of gamete fusion.
In experiment 3, we showed that equine and porcine cytoplasm decondenses equine and porcine sperm chromatin after ICSI. Previous studies showed that bovine cytoplasm was able to decondense equine and human sperm chromatin after ICSI [66, 67] and that porcine cytoplasm was able to decondense ovine, mouse, and human sperm chromatin after ICSI [47, 68] . These data suggest that the molecules involved in sperm decondensation are at least partially conserved between mammalian species.
Under our conditions, the fertilization rate was higher in the equine cytoplasm than in the porcine cytoplasm after injection of porcine or equine spermatozoa. The equine ooplasm seems to be more competent than the porcine ooplasm regardless of the origin of the spermatozoa. Thus, the competence of the ooplasm for the pronuclei formation is a determining element in the success of fertilization.
Therefore, comparison of the successive steps of fertilization between equine and porcine species allowed us to identify divergences that highlight the following four key components involved in the mechanism of fertilization: 1) During spermatozoa-ZP binding, the composition and structure of the ZP represent a determining element.
2) The capacity of spermatozoa to undergo the acrosome reaction is essential in this step of fertilization.
3) The plasma membrane of the oocyte is crucial in the mechanism of gamete fusion. 4) The competence of the ooplasm is a major element in pronuclei formation. However, this study was performed under in vitro conditions, which may not reflect physiological conditions. The treatment of spermatozoa and the conditions for oocyte culture could affect their capacity for fertilization. Moreover, in vivo fertilization occurs in the oviduct in mammals, and several oviductal proteins have been shown to associate with the gametes and to have positive effects on sperm-oocyte interaction [69] . The involvement of oviduct proteins was not taken into account in our study.
In light of these results, we investigated further the divergences between equine and porcine oocytes. We showed that the ZP is a determining element in spermatozoa-oocyte binding and penetration. For further insight, we compared the composition and structure of the ZP between equine and porcine species.
In experiment 4, we analyzed the composition of equine and porcine ZP. A phylogenetic analysis allowed us to identify some differences in the composition of these ZP. The equine ZP comprises four glycoproteins (ZPA/ZP2, ZPB/ZP4, ZPC/ ZP3, and ZP1). Our previous phylogenetic analysis allowed us to classify ZP genes in the following six subfamilies: ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, ZP1, ZPAX, and ZPD [1] . ZPAX and ZPD proteins are not present in equine species. The same composition was shown in human, rat, macaque, chimpanzee, and hamster [1, 2, 70, 71] . As demonstrated in our previous study [1] , the porcine ZP comprises only three glycoproteins (ZPA/ZP2, ZPB/ZP4, and ZPC/ZP3). The same composition was shown in bovine, dog, and cat ZP [1, 72] . In cows and dogs, we observed a ZP1 pseudogene, which suggests the death of the ZP1 gene [1] . In the pig, the ZP1 protein has been lost, but no ZP1 pseudogene has been identified. Either this pseudogene is present but not yet revealed because the genome is not completely sequenced, or the genomic fragment has been completely lost. Thus, the porcine ZP contains three glycoproteins, whereas the equine ZP contains the same three glycoproteins plus the ZP1 protein.
Previous data showed that IVF and polyspermy rates are low in equine species [24] [25] [26] [27] ), whereas IVF and polyspermy rates are high in porcine species [22, 23] . Moreover, the present study demonstrated two relevant findings: 1) During spermatozoa-ZP binding, equine ZP was less selective than porcine ZP. 2) During spermatozoa penetration into the ZP, equine ZP is a barrier for both homologous spermatozoa and heterologous spermatozoa, whereas porcine ZP is a barrier for heterologous spermatozoa but not for homologous spermatozoa. Might the ZP1 protein be responsible for these differences between the equine and porcine species? Several models have been proposed for gamete binding [73] [74] [75] , and none of them suggest a role of ZP1 for sperm-ZP binding. A direct role of ZP1 for sperm-ZP binding in mammals is unlikely. Moreover, Dean [76] suggests that a single ZP protein is not sufficient to support sperm binding to the ZP. On the other hand, the ability of ZP1 to form intermolecular disulfide bonds may allow it to be involved in the three-dimensional structure of the ZP. This supramolecular structure has been proposed as a key component in the sperm-egg recognition [73] . Thus, the ZP1 protein may be involved in sperm-ZP binding via a role in the supramolecular structure. We then compared the localization of ZP proteins and the morphological structure of the ZP between equine and porcine species.
Immunofluorescence studies and confocal microscopy showed different localization of the ZP glycoproteins between equine and porcine species, which could be linked to the difference in composition between the equine and porcine ZP. For example, there was strong homogeneous immunoreactivity for ZPB/ZP4 and ZPC/ZP3 proteins in equine ZP, whereas ZPB/ZP4 and ZPC/ZP3 proteins were organized in a 866 filamentous meshwork in porcine ZP. ZPA/ZP2 proteins were organized in patches in equine ZP and in small dots or a meshwork in porcine ZP. Few studies have analyzed the localization of ZP glycoproteins in whole isolated oocytes. Ovulated mouse oocytes incubated with antibodies that bind to ZPA/ZP2 or ZPA/ZP2 and ZPC/ZP3 showed a fibrous pattern of fluorescence [77] . In mature human and pig oocytes incubated with anti-ZPC/ZP3 antibodies, the ZP appeared as a ring of intense and homogeneous fluorescence around the oocyte [78] . Immature rabbit oocytes incubated with antibodies to ZPB/ZP4 showed a filamentous meshwork on the ZP [79] . However, in these studies, the oocytes were observed with a fluorescence microscope, which shows global staining. In our study, the use of a confocal laser scanning microscope allowed us to show precise topography of the ZP glycoproteins. To our knowledge, our study is the first comparison of the localization of ZP glycoproteins between species and between maturation stages. The presence of ZP1 in equine species, as well as the difference in localization of ZPA/ZP2 between equine and porcine species, suggests some differences in the molecular organization of ZP glycoproteins. The organization of ZP glycoproteins has been studied in the mouse, demonstrating repeating units of ZPA/ZP2 and ZPC/ZP3 heterodimers arranged in filaments that are cross-linked by ZP1 homodimers [80] . A hypothetical model of the ZP containing four ZP proteins assumes that basic structural elements in the ZP are conserved between species and that ZPA/ZP2 and ZPC/ZP3 heterodimers are arranged in filaments that are cross-linked by ZP1 and ZPB/ZP4 [81] . In the pig, ZPB/ZP4 and ZPC/ZP3 form heteromultimeric complexes [82] that may be interconnected by ZPA/ZP2. Because we observed colocalization of equine ZPB/ZP4 and ZPC/ZP3, as well as a pattern of small dots for equine ZP1 and porcine ZPA/ZP2, we hypothesize that equine ZPB/ZP4 and ZPC/ZP3 form heteromultimeric complexes interconnected by equine ZPA/ZP2. However, the equine ZP may contain different types of filament crosslinkers such as ZP1 homodimers, ZPA/ZP2 homodimers, or ZP1 and ZPA/ZP2 heterodimers. Furthermore, the differences in localization of the ZP glycoproteins between equine and porcine species could be related to the differences in spermatozoa-ZP interaction between these two species. Further investigations are necessary to clarify the molecular organization of ZP glycoproteins and the role of each glycoprotein in spermatozoa-ZP binding in equine and porcine species.
We observed differences in the composition of the ZP and in the localization of the ZP glycoproteins between equine and porcine species. We then investigated whether these differences affect the morphological structure of the ZP.
In experiment 5 using transmission and scanning electron microscopy, we showed that equine and porcine ZP present a mesh-like structure with pores as observed in other mammals [81] . A similar texture was previously observed by transmission electron microscopy for pig [83, 84] and equine [85, 86] ZP. Moreover, the thickness of the equine and porcine ZP in our study was in the range of previous data [85, 87] .
Scanning electron microscopy observations of equine oocytes showed a compact mesh-like structure with small pores. To our knowledge, this study and our previous study [43] represent the first work on the structure of the equine ZP. Porcine oocytes showed a mesh-like structure with large pores in immature and in vitro-matured oocytes and with small pores in in vivo-matured oocytes. Our data confirm previous findings that porcine immature and in vitro-matured oocytes have a more porous net-like structure than the more compact surface of in vivo-matured oocytes [88] . Similarly, some studies showed that oocyte maturation is accompanied by changes in the ZP structure in human [30] , mouse [31] , and cat [32] . These changes may be relevant in the process of binding and penetration of spermatozoa into the ZP.
To confirm the results that we obtained by comparison of scanning electron microscopic images, we evaluated the size and number of pores. As observed on the images, we showed that the diameter of pores was larger for porcine immature oocytes than for in vivo-matured oocytes. Thus, the modifications of the ZP structure during in vivo maturation in porcine species lead to changes in pore diameter, which may be relevant for the capacity of the oocyte during fertilization. Moreover, we showed that the diameter of pores was larger for porcine in vitro-matured oocytes than in vivo-matured oocytes. Under our conditions, maturation of the ZP may not have been fully achieved in the in vitro-matured oocytes. The high incidence of polyspermic penetration during porcine IVF may be related to insufficient maturation of the ZP. In equine oocytes, the number of pores is higher after in vitro maturation than after in vivo maturation. As in the porcine species, in vitro culture may not provide optimal conditions for maturation.
To rule out any effect of fetal calf serum on the ZP structure, some porcine oocytes were cultured in maturation medium or in maturation medium supplemented with either fetal calf serum or BSA. The structure of the ZP and the number and diameter of pores were not different in the three media (data not shown). Likewise, some equine oocytes were cultured in maturation medium or in maturation medium without fetal calf serum supplemented with BSA. The structure of the ZP and the number and diameter of pores were not different in both media (data not shown).
Next, we demonstrated the following two findings: 1) The diameter of pores was higher in porcine ZP than in equine ZP regardless of the maturation stage.
2) The number of pores was lower in porcine ZP than in equine ZP for immature and in vitro-matured oocytes.
Finally, we observed differences between equine and porcine ZP during spermatozoa binding and penetration. Moreover, the penetration rate is low during equine IVF, whereas the penetration and polyspermy rates are high during porcine IVF. Thus, the number and diameter of pores may represent a key component in the mechanism of spermatozoa-ZP binding and penetration. Similar conclusions were proposed in bovine species: the polyspermy rate is high when the ZP has few and large pores [89] .
Therefore, comparison of the ZP between equine and porcine species allowed us to identify divergences that could represent key components in the mechanism of spermatozoa-ZP binding and penetration. The compositions of equine and porcine ZP differ because the porcine ZP contains three ZP glycoproteins and the equine ZP contains the same three glycoproteins plus the ZP1 glycoprotein. These divergences affect the localization of the glycoproteins in the ZP because the molecular organization of the ZP glycoproteins differs between equine and porcine species. Finally, the difference in the molecular organization affects the molecular structure of the ZP because we observed differences in the threedimensional structure of the ZP and in the number and diameter of pores.
In conclusion, first we showed that the ZP has a key role in sperm-ZP attachment and penetration, and we highlighted divergences between equine and porcine species during sperm binding and penetration. Then, we went deeper and suggested that the three-dimensional structure of the ZP could have a major role in sperm binding and penetration. This supramolecular model is supported by other observations in human, EQUINE AND PORCINE FERTILIZATION AND ZONA PELLUCIDA mouse, and rat [73, 76] . Our study has developed a new comparative approach between two divergent models that could provide a tool to clarify the molecular basis of sperm-ZP interaction, a critical step in successful fertilization.
